In this study, we tested the hypothesis that the neural control of circulation in humans undergoes continuous but in part predictable changes throughout the day and night. Dynamic 24-hour recordings were obtained in two groups of ambulant subjects. In 18 hospitalized patients free to move, direct high-fidelity arterial pressures and electrocardiograms were recorded, and in an additional 28 nonhospitalized subjects, only electrocardiograms were obtained. Spectral analysis of systolic arterial pressure and of RR interval variabilities provided quantitative markers of sympathetic and vagal control of the sinus node and of sympathetic modulation of vasomotor tone. With this approach, the low-frequency (-0.1 Hz) component of RR interval and systolic arterial pressure variabilities is considered a marker primarily of sympathetic activity, whereas the high-frequency (-0.25 Hz) component of RR interval variability, related to respiration, seems to be a marker primarily of vagal activity. We observed a pronounced and consistent reduction in the markers of sympathetic activity and an increase in those of vagal activity during the night. In the invasive studies, while the subjects were still lying in bed after waking up, the markers of sympathetic activity rose rapidly and concomitantly with a simultaneous vagal withdrawal. Noninvasive studies confirmed the early morning rise of the markers of sympathetic activity and the circadian pattern of sympathovagal balance. These data indicate that the ominously increased rate of cardiovascular events in the morning hours may reflect the sudden rise of sympathetic activity and the reduction of vagal tone. (Circulation 1990;81:537-547 
T he theoretical and practical importance of detecting a possible circadian variation of acute cardiovascular events has been appreciated for some time.' However, only recently have clinical studies been capable of indicating that the frequency of myocardial infarction,2 sudden cardiac death,3'4 transient myocardial ischemia,5,6 and stroke7
is not evenly distributed throughout the day and that the morning hours carry a greater risk. These epidemiologic findings, in addition, may provide some clue as to the pathogenetic and trigger mechanisms of these cardiovascular events.' For instance, studies have reported that the clotting tendency of the blood appears elevated in the morning,8 probably because of a lower fibrinolytic activity,9 a greater platelet aggregability,10 and a greater fibrinogen plasma concentration." The circadian oscillation of all these variables participating in the coagulation system clearly indicates, on the one hand, the existence of some common mechanism of circadian oscillation and, on the other hand, suggests that this mechanism also serves as a trigger function. Neural activities, at various levels of complexity, have furnished the most clear examples of circadian rhythms, the paradigm of which is the sleepwakefulness cycle. It is well known that marked circulatory changes follow a similar circadian cycle and that they are likely to be mediated by neural adjustments. '2,'3 In this study, we addressed the problem of quantifying the circadian cycle of neural cardiovascular regulatory activities in free moving subjects. To this purpose, we applied a spectral analysis of RR interval and of systolic arterial pressure variabilities to the 24-hour ambulatory recordings of electrocardiograms and of direct high-fidelity measurements of arterial pressures.14 Previous studies based on shortterm analysis have already shown that this approach provides quantitative markers of sympathetic and vagal activities modulating the heart rate15 and of the sympathetic activity regulating vasomotor tone. 16 Results suggest that at about 6:00 AM, the pattern of neural cardiovascular control begins to undergo a drastic and rapid rearrangement characterized by a rise in sympathetic drive to the heart and blood vessels and a simultaneous reduction of vagal cardiac activity. We hypothesized that these rapid neural changes facilitate the higher rate of cardiovascular acute events occurring in the morning.
Methods

Invasive Studies
Eighteen hospitalized patients (10 men and eight women; mean age, 45±4 years), with a history of episodic hypertensive crises or of stable hypertension, were used for this section of the study. They had no evidence of organic diseases. On the basis of intra-arterial pressure measurements, their pressure values ranged from normotension to hypertension. As part of a protocol prepared in accordance with institutional guidelines, these subjects underwent a 24-hour direct high-fidelity blood pressure recording14 that used a miniature (diameter, 3F) catheter tip transducer (Millar, Houston, Texas), which was introduced into the radial artery of the nondominant arm by the Seldinger technique. The transducer has a high degree of constancy in gain and stability and also a wide band pass (better than 1 kHz); the pressure signal was recorded, along with the electrocardiogram, on a modified four-track Holter tape recorder (Remco, Milan, Italy). The signal was recorded with frequency modulation, and the frequency response of the entire record playback system had a -3 -dB point at 50 Hz. To minimize tape-speed errors, a crystalcontrolled 160-Hz signal was recorded on a channel of the portable recorder. This signal was used during playback by phase-locked loop circuitry (Remco), which provided an error signal proportional to any possible change in recording tape speed. This voltage was used to correct instantaneously the voltage supply of the DC motor of the playback unit, thus practically abolishing tape speed variations.
As part of the protocol, all subjects were woken at 6:00 AM. They were asked to remain in bed until 9:00 AM, at which time they were allowed to walk around the hospital. Furthermore, they were asked to perform light physical activity for a period of 2 hours, between 4:00 and 6:00 PM by walking in the hospital grounds. They all went to bed at approximately 10:00 PM. None of the subjects was receiving medication.
All subjects gave informed consent to the study.
Noninvasive Studies
Twenty-eight healthy normotensive subjects (16 men and 12 women; mean age, 37±2 years), nonsmokers (<5 cigarettes/day), and free of any sign of disease participated in this section of the study. None of these subjects was receiving medication. All subjects gave informed consent to the study. The subjects were taken to the laboratory at about 11:00 AM and were connected to a two-channel Holter recorder (Remco), which was equipped with a tape-speed control device similar to that described previously for the invasive studies. Leads were modified X and Y. These subjects, being outpatients, were instructed to maintain a daily routine as close as possible to their normal one.
Data Analysis
Data were played back at 64 times real time. Analog-to-digital conversion was performed at 3,200 samples/sec for the arterial pressure recordings and at 19,200 samples/sec for the surface electrocardiogram to achieve a real-time analog-to-digital conversion of 50 and 300 samples/sec, respectively. Data was analyzed with a PDP 11/24 computer (Digital Equipment, Maynard, Massachusetts).
The principles of the software for data acquisition and spectral analysis have been described elsewhere.1517,18 Figure 1 Figures 2 and 3) . In more detail, systolic arterial pressure and its low-frequency component reached their minimal values during the night and started to rise in the morning, reaching their maximum values in just a few hours. These parameters leveled off in the early afternoon and increased again between 4:00 and 7:00 PM. The morning rise of the low-frequency component of systolic arterial pressure variability tended to be more rapid and to occur earlier than the rise in blood pressure itself as shown in Figures 2 and 3 . In particular, for the grouped data, the low-frequency component rise started at 6:00 AM and peaked at 8:00 AM, thus corresponding to the period of time when the subjects were resting awake in bed. A clear increase in systolic arterial pressure was, instead, evident at about 10:00 AM and peaked at about 12:00 AM, corresponding to the period of light physical activity of the morning. Furthermore, a subsequent rise occurred in the afternoon (Figures 2 and 3 ) and peaked at about 5:00 PM, corresponding to the physical activity scheduled for the afternoon (see "Methods"). Table 2 shows that the last condition was associated with the highest values of arterial pressure and of the low-frequency component of systolic arterial pressure variability.
In this same group of subjects, the RR interval and its variability ( In the group of 28 normal nonhospitalized ambulant subjects, RR intervals had lower values during the day and higher values during the night. Table 3 indicates, furthermore, that this periodicity was similar to that observed in the group of hospitalized patients in whom direct arterial blood pressure recordings were also obtained.
Likewise, spectral analysis of RR interval variability confirmed the prevalence of the low-frequency component during the day as opposed to a prevailing high-frequency component during the night (Figures  4 and 5) . Inspection of continuous (Figure 4 ) analysis of RR interval variability indicated large minuteto-minute changes in spectral components, the large day-night variations of which were also in apparent synchronism with the RR interval fluctuations.
The center frequency of the low-and highfrequency components underwent continuous changes at average values of 0.10±0.01 and 0.28+0.02 Hz, respectively ( Figure 6 ). However, the frequency of the high-frequency respiratory component became very stable during the night, when the subjects on the basis of their diaries were sleeping ( Figure 6 ). 15 The crucial point is that increasing evidence indicates that the low-frequency component is a marker of sympathetic activity because it is increased during tilt,15moderate physical exercise,18,26 mental stress,27 in several pathophysiologic states such as arterial hypertension28 or after myocardial infarction,29 and more importantly, in several well-reproducible experimental conditions leading to tonic increases in sympathetic efferent activity. 16 Thus, the low-and high-frequency components and their ratio (i.e., low-frequency/high-frequency) '5,21 would provide a model to evaluate, though quite broadly, the dynamic changes of the sympathovagal balance. Some major differences, however, exist in the various methodologies most commonly used. The PM; tO-6 Am vs. [6] [7] [8] [9] [10] [11] [12] Am; t0-6 Am vs. 6-12 PM; §6-12 Am vs. 12-6 PM; (|12-6 PM vs. 6-12 PM;p<0.05.
The approach based on the autoregressive algorithms, as in this study, does not require the use of predetermined bands of interest, but on the contrary, it is capable of providing information on the number, power, and center frequency of any statistically significant spectral component1516 (for more details, see References 15 and 32) . This feature allows the subtraction of the DC noise (i.e., very low-frequency trends) and also the use of normalization procedures,15'20 which is important to facilitate comparisons among different spectra when there are large differences in total power, that is, variance, or in DC noise. The latter is particularly important in dynamic conditions in which the power associated to that component can vary consider-RR 1.u CO) A.
ably (see "Methods"). The normalization procedure used in our study accounts for changes in total power and in DC component. At any rate, the changes in spectral components are directionally similar when evaluated in normalized or absolute units. '6 With regard to the use of the low-frequency component of arterial pressure as an indicator of sympathetic vasomotor tone,16 it should be stressed that in dynamic conditions a high-fidelity recording14 seems necessary to collect data that do not require visual editing. In fact, a fluid-filled catheter-manometer system could not avoid motion artifacts and an unpredictable deterioration of waveforms resulting in a deformation of the variability signal. In this study, we examined two groups of ambulant subjects: one group of hospitalized patients in whom high-fidelity arterial pressure and electrocardiograms were recorded for 24 hours, and a second group of outpatients, who were free to follow their normal daily activity and in whom only the electrocardiogram was recorded. The main finding in both groups was that the markers of sympathetic and vagal regulation of heart rate underwent day-night changes,21,34 characterized by sympathetic predominance during the day and vagal predominance during the night.
Concerning the timing of controlled daily activity of the hospitalized patients, all were in bed by approximately 10:00 PM, were awake by 6:00 AM, and remained alert in bed until 9:00 AM. Subsequently, they got out of bed and started the minimal activity of morning toilet; in the afternoon between 4:00 and 6:00 PM, they performed a period of light physical activity.
The marker of sympathetic tone, that is, the lowfrequency component, was minimal at night and began to rise at approximately 6:00 AM, as assessed by both RR interval and systolic arterial pressure variabilities. Arterial pressure started to increase somewhat later, at the moment when the subjects got out of bed. This finding may be interpreted assuming that physical activity, and not arousal per se, is a major determinant of the morning rise in arterial pressure. This is in keeping with the observation that the maximal values of arterial pressure were observed during the period of scheduled physical activity in the afternoon. Furthermore, as we have already described,15,26 tilt induces a marked rise in the lowfrequency component of arterial pressure variability with little change in pressure, whereas no further increase in the low-frequency component was observed with treadmill exercise,26 which was accompanied, instead, by a marked rise in arterial pressure. Taken together, these observations support the concept that the mechanisms controlling arterial pressure and its variabilitiy are partially independent.35 However, light physical exercise may represent a moment of higher sympathetic drive compared with morning wakening as suggested by the observation that the low-frequency component of RR interval variability was also higher during walking. This indicates, in our opinion, the importance of using as many markers as possible to improve the highly indirect definition24,36 of sympathetic or vagal tone.
Another important aspect of this study is the observation that the circadian changes in sympathovagal balance of heart rate regulation assessed with RR interval variability were surprisingly similar in a population of hospitalized subjects, whose daily routine was relatively standard, and in nonhospitalized subjects, whose daily routine was varied much more.
The changes in the high-frequency component of RR interval variability appeared to be directionally similar to those in total variance and to be the reciprocal of those occurring in the low-frequency component. On the other hand, the rise in the low-frequency component of RR interval variability appeared much faster in individual subjects than in the grouped data (compare Figures 4 and 5) , possibly as a reflection of dispersal due to desynchronization of daily activities. ' As a final point, it is worth observing that the slow day-night changes in sympathetic and vagal markers showed also fast variations, a characteristic that is also peculiar to the gain of the RR interval and systolic arterial pressure relation when this is continuously assessed with cross-spectral analysis of arterial pressure and heart period throughout the 24 hours.18 Such fast changes, indicating a permanent dynamic interaction, were also clearly evident in the graphic analysis of the center frequencies of both low-and high-frequency components, an analysis that can be performed with our methodology. However, of interest, the high-frequency center frequency underwent a clear period of stability that, on the basis of reported behavior and diary, was likely to correspond to sleep.
Clinical Implications
This investigation describing the reciprocal relation characterizing the sympathovagal balance throughout the day supports the interpretation of previous large scale clinical studies that among patients recovering from myocardial infarction those with a lower heart rate variability had a greater mortality.37 A detailed subsequent analysis indicated that a lower heart rate variability was accompanied by a higher average day-night heart rate and by a smaller day-night difference; in parallel, the number of consecutive RR intervals differing by more than 50 msec and the number of short bursts of changes in cycle length were less numerous.38 All these data were interpreted as suggesting a lower parasympathetic and higher sympathetic tone.
The results of this study may also be relevant to the recent clinical observations that a variety of acute cardiovascular events, namely myocardial infarction,2 sudden death,3,4 transient myocardial ischemia5 accompanied with or without pain,39 arrhythmias,40,41 and cerebrovascular events,7 all showed a significant rise in frequency in the early morning hours and an additional period of increased frequency in the afternoon. The continuous assessment of spectral markers of neural cardiovascular regulation indicated a welldefined pattern of changes in the sympathovagal balance, as inferred from heart period and arterial pressure variabilities. The sudden morning rise in sympathetic tone could well be the physiologic trigger' initiating a complex cascade of events that, in the presence of suitable pathophysiologic conditions, leads to an acute cardiovascular event.
In conclusion, the present approach in the frequency domain, though providing only broad markers of neural regulation, corresponds to the first possibility reached so far to continuously monitor the dynamic changes of the sympathovagal balance.
